We develop an efficient method to evaluate the translational and orientational contributions to the solute-water pair-correlation entropy that is a major component of the hydration entropy. A water molecule is modeled as a hard sphere of diameter d S = 0.28 nm in which a point dipole and a point quadrupole of tetrahedral symmetry are embedded. A hard sphere of diameter d M , a hydrophobic solute, is immersed at infinite dilution in the model water. The pair-correlation entropy is decomposed into the translational and orientational contributions in an analytical manner using the angle-dependent Ornstein-Zernike integral equation theory. The two contributions are calculated for solutes with a variety of sizes ͑0. 
I. INTRODUCTION
The hydrophobic effects 1-15 play crucially important roles in a variety of physicochemical processes such as the structural stabilization of proteins, molecular self-assembly, and micelle formation. The hydrophobic hydration is one of the most fundamental subjects to be investigated. It is generally recognized that the positive hydration free energy of a nonpolar solute originates from a large, negative change in entropy upon solute insertion, especially at low temperatures. The hydration entropy, which is usually considered under the constant-pressure condition, consists of a solute-water correlation term and a water reorganization term representing the contributions of changes in water structure upon solute insertion. The solute-water correlation term represents the restrictions of the translational and orientational movements of water molecules caused by the presence of the solute. In this article, we develop an efficient theoretical method which enables us to evaluate the translational and orientational contributions to the solute-water pair-correlation entropy. In our method, the pair-correlation entropy is analytically decomposed into the two contributions. The decomposition provides physical insights into the solute-size and temperature dependence of the hydration free energy in terms of the molecular distribution functions. We elucidate the relative importance of the translational and orientational contributions for solutes with a variety of sizes ranging from a noble-gas size to a protein-molecule size.
The first widely accepted explanation for the hydrophobicity was the "iceberg" hypothesis of Frank and Evans 16 which stated that the structure of water around a nonpolar solute was highly ordered with an increase in the number of hydrogen bonds. Although they thus emphasized the importance of the water reorganization, a quantitative assessment is needed for the contributions from the water-water and solute-water correlations. [17] [18] [19] [20] [21] [22] Lazaridis and Paulaitis 23 reported that the solute-water correlations were strong enough to account for the large, negative hydration entropy. The solvent reorganization entropy was estimated and its significance was discussed in terms of the molecular distribution functions at the initial and final states of the solute insertion. [24] [25] [26] [27] [28] [29] There are still uncertain and controversial aspects, but it is definite that the solute-water correlation entropy is essential in understanding the hydration entropy.
Lazaridis and Paulaitis 23 reported the first attempt to evaluate relative magnitudes of the contributions from the two factors, the restrictions of orientational and translational movements of water molecules, to the correlation entropy of a nonpolar solute. They developed a statistical-mechanical formulation that was based on the expansion of the hydration entropy in terms of multiparticle correlation functions. The solute-water pair correlation, the leading term in the solutewater correlations, was evaluated by Monte Carlo ͑MC͒ simulations. With a factorization assumption for the paircorrelation function, they decomposed the solute-water paircorrelation entropy into the translational and orientational contributions. Their major conclusion drawn for methane is that both of the two contributions are important and the percentage of the orientational contribution is in the range of 35%-42% ͑the percentage decreases as the temperature becomes higher͒. The study was extended to noble gases by Lazaridis and Paulaitis 30 and to small normal alkanes by Ashbaugh and Paulaitis. 25 The conclusion reached in these extensions is that the percentage of the orientational contribution is dependent on the solute species and in the range of 31%-40% at 298 K.
Here we apply the angle-dependent Ornstein-Zernike ͑OZ͒ relation [31] [32] [33] [34] [35] [36] [37] [38] coupled with the closure equation of the hypernetted-chain ͑HNC͒ type to the statistical-mechanical formulation derived by Lazaridis, Ashbaugh, and Paulaitis, 23, 25, 30 and by Matubayasi et al. 26 The basic equations are solved using our efficient algorithm. [39] [40] [41] A water molecule is modeled as a hard sphere of diameter d S = 0.28 nm in which a point dipole and a point quadrupole of tetrahedral symmetry are embedded. A hard sphere of diameter d M is immersed at infinite dilution in the model water. The solute insertion is considered at 298 K and under the constant-pressure condition. The pair-correlation entropy is decomposed into the translational and orientational contributions in an analytical manner without using the factorization assumption. The two contributions are calculated for solutes with a variety of sizes ͑0.6ഛ d M / d S ഛ 30͒. We remark that the large solutes can be treated only by the integral equation theory. The effects of the solute-water attractive interaction are also studied. It is found that the percentage of the orientational contribution reduces progressively as the solutewater attraction becomes stronger. For the values of the parameters tested, the percentage of the orientational contribution is in the range of 10%-60%. 
II. METHOD

A. Solute-water pair-correlation entropy
The solute insertion is considered under the constantpressure condition. The solute is present in water at infinite dilution. We limit our discussion to the hydration of a spherical solute. The solute-water pair-correlation function is denoted by g͑r , , , ͒ where r is the distance from the center of the solute, ͑ , ͒ represents the orientation of the dipolemoment vector of water ͑ is the angle between the vector and the solute-water axis͒, and describes the rotation around the dipole-moment vector. The number of water molecules whose centers are in the range ͓r , r + dr͔ and the three angles are in the ranges ͓ , + d͔, ͓ , + d͔, and ͓ , + d͔ is given by 4g͑r , , , ͒r 2 sin drddd / ͑8 2 ͒ where is the number density of bulk water. The solutewater pair-correlation entropy 23, 25, 26, 30 defined under the constant-pressure condition ⌬S ͑2͒ is expressed as
In Eq. ͑1͒, k B is the Boltzmann constant, and the integration range is ͓0,ϱ͔ for r, ͓0,͔ for , and ͓0,2͔ for and . The hydration entropy depends on the triplet and higherorder solute-water correlations as well as on the pair correlation. Nevertheless, the solute-water pair-correlation entropy is certainly a major component of the hydration entropy. 23, [27] [28] [29] [30] 
B. Model
A water molecule is modeled as a hard sphere of diameter d S = 0.28 nm in which a point dipole and a point quadrupole of tetrahedral symmetry are embedded. [32] [33] [34] 37, 38 The temperature is fixed at 298 K. The effects of the molecular polarizability are taken into account using a mean-field theory. 33 The effective dipole moment thus determined is approximately 1.4 times larger than the bare gas-phase dipole moment. The dimensionless dipole and quadrupole moments,
, are 2.768 and 0.968, respectively. The number density d S 3 of bulk water at 298 K is 0.7317. The dielectric constant of this model water calculated by the reference HNC theory 37, 38 is 92.0. In a more rigorous model of the water molecule, a nontetrahedral quadrupole tensor and a nonzero octupole moment are introduced. 32, 33 Even with the present model, however, most of the important features of water can be captured. 33 A hard sphere of diameter d M , a hydrophobic solute, is immersed at infinite dilution in the model water. Ten values, 0.6d S , d S , 1.4d S , 2d S , 3d S , 5d S , 10d S , 15d S , 20d S , and 30d S , are considered for d M . For the solutes with d M ഛ 3d S which mimic monoatomic solutes such as inert gases, the following van der Waals attractive tail is added to the hard-sphere potential
The values of tested are in the range of 0 -0.1 kcal/ mol. We note that the potential minimum in Eq. ͑2͒ is four times larger than that in the Lennard-Jones potential. The solutes with larger sizes can be regarded as simplified models of polyatomic solutes such as peptides and proteins in compact ͑folded͒ conformations, and the employment of Eq. ͑2͒ is not realistic. Therefore, for d M ജ 3d S , we add the following solute-water attractive tail of the Yukawa form to the hard-sphere potential
That is, for d M =3d S , both Eqs. ͑2͒ and ͑3͒ are considered. In Eq. ͑3͒, controls the potential minimum and the range. The values of tested are in the range of 0 -0.1 kcal/ mol, and is set at 5. We have verified that the qualitative aspects of our conclusions are not altered by the changes in these potential parameters.
C. Theory
We employ the angle-dependent OZ relation [31] [32] [33] [34] [35] [36] [37] [38] coupled with the closure equation of the HNC type for molecular fluids. A great advantage of using the integral equation theory is that the decomposition of the solute-water paircorrelation entropy into the translational and orientational contributions can be accomplished analytically without using the factorization assumption. Further, the pair-correlation function is calculated until r → ϱ, which is in contrast with the MC simulations. The closure equation is expressed as
where u, h, c, and b denote the solute-water interaction potential, total correlation function, direct correlation function, and bridge function, respectively. The pair-correlation function g͑r , , , ͒ is expanded in the following manner:
where R 0, n ͑ , ͒ denotes Wigner's generalized spherical harmonics and is expressed as
ϫP n ͑cos ͒exp͑i͒, ͑6b͒
Here, Y n ͑ , ͒ is the spherical harmonics, P n ͑x͒ is the Legendre function, and P n ͑x͒ is the Legendre polynomial. R 0, n ͑ , ͒ has the orthogonality expressed as
͑7͒
The leading projection g 00 000 ͑r͒ is the orientationally averaged radial distribution function and represents the solutewater correlation in terms of the molecular centers. The other projections g 0 0nn ͑r͒ = h 0 0nn ͑r͒ ͑n 0͒ represent the solute-water orientational correlation at r.
The functions other than the pair-correlation function are also expanded in a similar manner. [31] [32] [33] [34] [35] [36] [37] [38] Substituting Eq. ͑4͒ into Eq. ͑1͒ and utilizing the orthogonality of R 0, n ͑ , ͒ yield
͓g 00 000 ͑r͕͒− u 00 000 ͑r͒/͑k B T͖͒ + g 00 000 ͑r͒
ϫ͕h 00 000 ͑r͒ − c 00 000 ͑r͒ + b 00 000 ͑r͖͔͒r 2 dr, ͑9͒
͑10͒
Here, ⌬S T and ⌬S R represent the translational and orientational contributions, respectively. We note that since exp͕u 00 000 ͑r͒ / ͑k B T͖͒g 00 000 ͑r͒ is finite, g 00 000 ͑r͕͒−u 00 000 ͑r͒ / ͑k B T͖͒ is zero inside the core. For n 0, g 0 0nn ͑r͒ = h 0 0nn ͑r͒ for all r. Applying Eqs. ͑9͒ and ͑10͒ to the present model system where the solute-water repulsive interaction is the hard-sphere potential yields
000 ͑r͕͒h 00 000 ͑r͒ − c 00 000 ͑r͒ + b 00 000 ͑r͖͒r 2 dr, ͑11͒
In our model system, g 0 0nn ͑r͒ = 0 for r Ͻ d MS = ͑d M + d S ͒ / 2, and the integration is performed from d MS to ϱ. The percentage of the orientational contribution I R is given as
To analyze the orientational order of water molecules near the solute, we calculate the mean value of P 2 ͑cos ͒, ͗P 2 ͑cos ͒͘, which is obtained from ͗P 2 ͑cos ͒͘ = h 00 022 ͑r͒/͕5g 00 000 ͑r͖͒. ͑14͒
Hereafter, ͗P 2 ͑cos ͒͘ is referred to as the order parameter whose absolute value represents the strength of the orientational order per water molecule. By solving the basic equations derived from the OZ relation and the closure equation using our efficient algorithm, [39] [40] [41] we can calculate g 0 0nn ͑r͒, the translational and orientational contributions, and I R . To perform the numerical calculations, the terms for n ഛ 4 are considered in the expan-sion based on Wigner's generalized spherical harmonics. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The whole calculation can be finished, even for the largest solute ͑d M =30d S ͒, in less than 1 min on our workstation. It should be noted that our theory is quite general and solutes with significantly large partial charges ͑i.e., polar solutes͒ can also be treated. When a reliable bridge function is available, it can be incorporated in the closure equation. In the present study, however, b 0 0nn ͑r͒ is set at 0 ͑the HNC approximation͒.
III. RESULTS AND DISCUSSION
A. Translational and orientational contributions for d M = d S
The translational and orientational contributions to the solute-water pair-correlation entropy calculated for a hardsphere solute ͑ =0͒ with d M = d S are as follows: −⌬S T = 2.02 e.u., −⌬S R = 2.53 e.u., −⌬S ͑2͒ = 4.55 e.u., and I R = 55.6% ͓1 e.u.= 1 cal/ ͑mol K͔͒. When the van der Waals attractive tail is incorporated in the solute-water potential, both −⌬S R and −⌬S T increase, but I R decreases. In the case of = 0.10 kcal/ mol, for example, the quantities calculated are as follows: −⌬S T = 4.64 e.u., −⌬S R = 2.92 e.u., −⌬S ͑2͒ = 7.56 e.u., and I R = 38.6%. The values of I R reported by Lazaridis, Ashbaugh, and Paulaitis 23, 25, 30 are in the range of 31%-42%. Since the van der Waals attractive interaction is included in their work, we can conclude that our result for I R is in good agreement with theirs. The experimental value of the hydration entropy of neon, whose effective diameter is fairly close to d S , is Ϫ10 e.u. 30 Our calculated values are fairly close but smaller, which might be attributable to the neglect of the triplet and higher-order solute-water correlations and the water reorganization term.
B. Effects due to solute size and solute-water attractive interaction
The calculated results are collected in Table I ͑ = 0 and = 0; in the case without the attractive tail͒ and Table II ͓ = 0.1 kcal/ mol ͑d M ഛ 3d S ͒ and = 0.1 kcal/ mol ͑d M ജ 3d S ͔͒. As the solute size increases, both −⌬S T and −⌬S R become progressively larger, indicating that the translational and orientational movements of water molecules are more restricted. The two contributions also increase considerably as the solute-water attractive interaction becomes stronger. Here, we look at the percentage of the orientational contribution. The solute-size dependence of I R observed in the cases without and with the attractive tail is illustrated in Fig.  1 .
First, we discuss the result for = 0 and =0. As d M becomes larger, the percentage of the orientational contribution I R first increases, takes a maximum value at d M / d S ϳ 2, and then decreases toward a limiting value ϳ40%. The percentage reduces considerably as the solute-water attractive interaction becomes stronger. The order parameter, ͗P 2 ͑cos ͒͘, is plotted for five representative values of d M / d S in Fig. 2 . It is observed that the orientational order of water molecules near the contact position is the strongest for d M / d S ϳ 2. Another feature is that the orientational order is short ranged and it becomes only slightly longer ranged as the solute size increases.
Next, the result for = 0.1 kcal/ mol ͑d M ഛ 3d S ͒ and = 0.1 kcal/ mol ͑d M ജ 3d S ͒ is discussed. We have tested several values of and which are in the range of 0 -0.1 kcal/ mol but present only the result for the largest As and become larger, both −⌬S T and −⌬S R increase, but the increase in the former is dominant. When in Eq. ͑3͒ is set at a smaller value and the attractive interaction becomes longer ranged, −⌬S T increases considerably while −⌬S R remains almost unchanged. The restriction of the translational movement of water molecules is influenced by the solute-water attractive tail up to fairly large separations, whereas the orientational restriction is sensitive only to the attraction in the close vicinity of the solute. For large solutes, with a sufficiently strong attractive interaction, −⌬S T is much more important than −⌬S R ͑the smallest value of I R in Fig. 1 is ϳ10%͒.
C. Restriction of orientational "rotational… freedom of water molecules
Here, we discuss the physical origin of the maximum orientational restriction observed at d M / d S ϳ 2. Though the orientational structure of water near a nonpolar solute or an extended hydrophobic surface was discussed in detail by many authors, [18] [19] [20] [21] [22] 30, 37, [42] [43] [44] [45] a systematic treatment over a wide range of solute size is made possible only by the integral equation theory. 38, 46 Since the water model employed in the present study has the tetrahedral symmetry, there are no differences between the OH bond and O lone pair vectors and they are all referred to as OH-bond vectors. The major quantity containing the information on the solute-water orientational correlation is the probability density p͑͒ where is the angle with respect to the surface normal vector ͑i.e., the vector that is normal to the solute surface͒ made by either the dipole-moment vector ͑ = ͒ or the OH bond ͑ = OH ͒ for molecules at a given distance from the solute surface. We consider the six typical orientations ͑1-6͒ of water molecules illustrated in Fig. 3 . Orientations 5 and 6 are, respectively, the inverted counterparts of orientations 1 and 4 ͑orientations 2 and 3 are symmetric with respect to the inversion͒. The values of OH and for the six orientations are given in Table III .
The probability densities p͑ clathratelike geometry without sacrificing the intermolecular hydrogen bonds. When a large hydrophobic solute intrudes into water, however, it is impossible to maintain the hydrogen bonds in a similar way and the loss of the bonds is unavoidable. The loss is kept minimal by taking the special orientations.
We now discuss the response of the orientational structure of water molecules near the contact position to the increase in the solute size from d M / d S = 1. As observed in Fig.  4 , the feature of p͑ OH ͒ persists up to
the solute is too large for the water molecules to maintain qualitatively the same orientational structure characterized by orientations 5 and 2. In orientation 5, for example, to maximize the number of hydrogen bonds near the contact position, the space surrounded by the four water molecules ͑i.e., the molecule at the center three molecules at vertices oriented by the OH-bond vectors with OH = 109°͒ must accommodate the solute. 43 This cannot be made possible when the solute is too large. ϳ 2 can thus be understood. When the solute-water attractive interaction is present, the four water molecules in orientation 5 or the three water molecules in orientation 2 are attracted to the solute and in contact with it in much higher probability. As a result, the size of the solute that the space can accommodate becomes slightly smaller.
IV. CONCLUDING REMARKS
The hydration properties of a nonpolar solute are characterized by the restrictions of the translational and orientational movements of water molecules upon solute insertion, causing a large entropic loss. We have developed an efficient method which enables us to evaluate the relative magnitudes of the contributions from the translational and orientational restrictions to the solute-water pair-correlation entropy, a major component of the hydration entropy. The angle-dependent Ornstein-Zernike integral equation theory [31] [32] [33] [34] [35] [36] [37] [38] is applied to the statistical-mechanical formulation previously derived by Lazaridis, Ashbaugh, and Paulaitis, 23, 25, 30 and by Matubayasi et al. 26 All the correlation functions are expanded using Wigner's generalized spherical harmonics. By utilizing their orthogonality, the pair-correlation entropy is decomposed into the two contributions in an analytical manner without using the factorization assumption. The basic equations are solved using our rapidly convergent algorithm. [39] [40] [41] The translational and orientational contributions have been calculated for solutes with a variety of sizes ͑0. tions are equally important for small solutes, the former is dominant for large solutes with a sufficiently strong solutewater attraction.
Since the translational and orientational contributions depend on the solute-water interaction potential and the temperature differently, the hydration entropy of a large solute and that of a small solute should behave differently against the changes in these parameters. The effects of the temperature for nonpolar solutes with a variety of sizes are to be investigated. Further, this kind of analysis is to be extended to a polar solute. Works in these directions are in progress.
